Abstract Until recently, there have been only few published reports concerning the use of mangrove macroalgae as biomonitors to assess the estuarine metal contamination. Therefore, the present study was an effort to investigate the biomonitoring of metal contamination using mangrove macroalgae in the tropical Miri estuary of Sarawak, Malaysia. The metal concentrations (Cu, Fe, Mn, and Zn) were determined in the surface sediments, estuarine water, and six dominant macroalgae species that epiphytically grow on mangrove pneumatophores. The results showed that the scheme of metal occurrences in estuarine surface water and sediments was Fe > Mn > Zn > Cu and Fe > Zn > Mn > Cu, respectively. Among the studied metals in algal tissues, irrespective of macroalgal species, the concentration of Fe was found to be the highest. Significant positive correlations were found between Cu and Zn in all macroalgal species (except Caloglossa ogasawaraensis and Dictyota sp.), indicating the common origin of those elements. Concentrations of each of the studied metal in algal tissues varied among macroalgal species, probably because of the differences of structure, age, and growth of thallus among macroalgal species. To our knowledge, this is the first comprehensive report describing the biomonitoring of metal contamination using macroalgae from Malaysian mangrove systems.
water analysis is associated with problems (Bryan and Langston 1992) . This is firstly because of the variations in metal concentrations in the water due to a number of hydrological factors including wave and tidal current and freshwater input from river discharges (Villares et al. 2001) . Secondly, metal concentration in water does not reflect its bioavailability. However, the recent use of passive sampling technology such as artificial mussel (AM) has enable to monitor labial, toxic, or bioavailable fraction of metals in the waterways. This AM technology provides a time-integrated estimate on spatial and temporal patterns of metal concentrations (Kibria et al. 2012 (Kibria et al. , 2016 .
Similarly, evaluation of degree of contamination level by sediment analysis has also a number of disadvantages. For example, metal content of the sediment is influenced by some particular factors especially particle size and organic carbon content. In addition to that, analysis of sediment and/or water does not necessarily reflect the likely effect of toxicity to the biota (Villares et al. 2001) . Therefore, biomonitor organisms have increasingly been used in the assessment of metal contamination (Taylor et al. 2017) . These organisms provide time-integrated bioavailable fraction of accumulated metal in their tissue. Macroalgae are among the widely used organisms used for biomonitoring of environmental contaminants (Reis et al. 2016) .
Measures of accumulated metal in the biomonitor organisms such as macroalgae reflect the measures of time-integrated accumulated bioavailable metals (Phillips and Segar 1986) . Biomonitoring of metals by macroalgae has successfully been carried out in many geographic regions including the Aegean coast (Akcali and Kucuksezgin 2011) ,, Indian coast (Chakraborty et al. 2014) , Tyrrhenian coastal areas (Conti and Cecchetti 2003) , Aughinish Bay, Ireland (Reis et al. 2016) , Egyptian Mediterranean coast (El-Din et al. 2014) , Polish coast (Rajfur and Kłos 2014; Ozyigit et al. 2017) , Malaysian coast (Mashitah et al. 2012) , and Sudanese Red Sea coast (Ali et al. 2017) .
Miri River criss-crosses the Miri City and finally reached to the South China Sea, and catchment of the river is associated with hilly areas and urban and industrial settlement. Miri City is the second largest city of Sarawak, Malaysia. This region is renowned for timber industry. The number of timber processing industries such as sawn timber, plywood/veneer mills, molding, laminated board, woodchip, particle board, fiberboard, charcoal briquette, kiln drying plant, and furniture industry is increasing rapidly in Sarawak (Leigh 1998) . During timber processing, copper chromated arsenate (CCA) is used to preserve the timber that can consequently leachate several metals to the environment (Read 2003) . CCA-treated timber contains salts of arsenic (As), chromium (Cr), and copper (Cu). As and Cr are known as a carcinogenic to humans and Cu is toxic to aquatic organisms. Moreover, wastewaters from agricultural lands, industrial areas, construction farms, and residential areas were discharged into the estuary without any treatment, which could be an additional source of heavy metal pollution in the Miri River. Previous study related to the basic water quality parameters (BOD 5 , NH 3 -N, NO 3 -N, and P) of the runoff from catchment associated with urban and industrial land use adjacent to Miri River reported the concern of NO 3 -N and suggested the river as one of the most contaminated rivers in Sarawak, East Malaysia (Ho and Kumar 2011) .
Mangrove habitat hosts distinctive macroalgal assemblages in prop roots, pneumatophores, dead branches, roots, trunks, and mud surfaces (Dawes et al. 1999) . Diverse epibiotic faunal assemblages including sponges, ascidians, arthropod, and crustaceans are associated with the mangrove macroalgae (Crona et al. 2006) and play a key role in the whole ecosystems (see review Mejia et al. 2012) . Recently, Billah et al. (2016) have been reported the occurrence, abundance, and ecological characteristics of mangrove macroalgae from Malaysian mangrove systems. These epiphytic macroalgae are continuously exposed to the estuarine contaminant concentrations. Macroalgae uptake metal actively or passively by the thallus from surrounding water (Villares et al. 2001) and from adhering sediment (Melville and Pulkownik 2007) . So far, only few studies have reported the biomonitoring of metal contamination using macroalgae from the mangrove systems elsewhere (Melville and Pulkownik 2007; Zhang et al. 2014 ). In the Malaysian mangrove systems in particular, accumulation patterns of heavy metals (Cu, Zn, Fe, and Mn) have only been limited for two macroalgal species (Bostrychia sp. and Chaetomorpha sp.; Billah et al. 2014) . Therefore, a comprehensive study related to distribution patterns of heavy metals in the predominant macroalgae from this mangrove region is necessary to compile a baseline data for future monitoring.
The present study was focused on metal contamination monitoring in the tropical Miri estuary of Malaysia using mangrove macroalgae. The specific objectives of the study were (1) to determine the level of heavy metal (Cu, Zn, Fe, and Mn) in the study area, (2) to investigate the patterns of metal accumulation in the six dominant mangrove macroalgal species (Caloglossa stipitata, Caloglossa leprieurii, Caloglossa adhaerens, Caloglossa ogasawaraensis, Bostrychia sp., and Dictyota sp.) collected from the study area, and (3) to investigate the bioconcentration factors (BCF) relative to water (BCFw) and sediment (BCFs) for the those macroalgal species. The outcome of the study will stimulate the improvement of the understanding of pollution ecology of macroalgae epiphytically grown in mangrove habitats.
Materials and Methods

Study Area, Plot Selections, and Sampling Design
The study area Miri estuary falls between latitudes N 04°2 4″-N 04°15.8″ and longitudes E 113°59′ 20.1″ (Fig. 1) . The approximate length of the river is reported to be 45 km. The lithology of the area consisted of sand stones, silt stones, and mud stones. The monthly average rainfall is 300 mm, and average of monthly temperature is 28°C. The seasonal features of the hydrological and hydrochemical features of the estuary included pH (range = 6-7), water temperature (28-31°C), DO (2-5 mg/L), salinity (8-31 PSU), and total dissolved solids (13-50 mg/L). Sediment characteristics include high proportion of sand (66-72%; Billah 2015) .
The estuarine area has narrow fringe of mangrove habitats (around 3 km from the mouth to the upper reach) of which Avicennia marina and Rhizophora apiculata are reported to be grown in a patchy condition. The range of the density of the pneumatophores of A. marina has been reported between 116 and 176 pneumatophores m , with an average height of 10 cm (Billah 2015) . Three permanent plots (5 × 5 m 2 ) were selected at 1-km interval from the mouth of the estuary to the upper reach as long as the occurrences of mangroves prevail and designated as P1, P2, and P3 (Fig. 1 ). There were not marked differences in the water quality parameters (especially salinity) and pattern of mangrove occurrences among plots; therefore, plots were not treated as distinct in the experimental design. It is notable to mention that, along the patchy mangrove occurrences, the width of the dispersion of the pneumatophores is relatively less (maximum 5 m). Thus, intertidal zonations/tidal gradients are not distinct for the occurrences of the pneumatophores. During September 2013, October 2013, February 2014, and April 2014, water samples, sediment, and pneumatophores associated with macroalgae were taken at each of the three plots. Those four sample times represent the four seasons of Malaysia namely southwest monsoon, inter-monsoon, northeast monsoon, and inter-monsoon, accordingly (Billah et al. 2016) . All collections were made at low tide.
Water and Sediment
The estuarine surface water samples (top 20 cm) were collected from near to the each permanent plot to acidwashed polyethylene bottle (Kramer 1994) , with three replicates of samples (n = 36; considering four sample surveys). Water samples were filtered through Millipore (0.45 μm) filtering system (MFS). Samples were acidified by adding 2 mL of concentrated nitric acid into each 100-mL sample. Until analysis, acidified water samples were stored in a chiller (4°C).
Intertidal surface sediments (top 5 cm) were collected using a plastic scoop in each sample time. Three replicates of sample were carried out in each plot of the study area (n = 36; considering four sample surveys). Sediment samples were air dried in the laboratory for 3 weeks. Once dried, the samples were ground and sieved using 250-μm mesh. Acid-extracted sediment metal concentrations were determined using Atomic Absorption Spectrophotometer (AAS) after digestion with aqua regia solutions.
Macroalgae
During each sample time, five pneumatophores were randomly harvested from a single sampling plot. Therefore, a total of 60 pneumatophores (15 pneumatophores × 4 sample time) were harvested. Pneumatophores were cut in the mudline by a clipper. The harvested pneumatophores were packed in a ziplock plastic and kept in an icebox and immediately brought to the laboratory. In the laboratory, the samples were kept in a chiller until further treatments. Macroalgal materials (Fig. 2) were then carefully scraped from pneumatophores to a glass Petri dish, washed gently to remove adhering particles, and identified using taxonomic literatures including West et al. (2008) . During the course of study, six species of macroalgae were found to be dominant. The details of those species such as name and author, family name, and divisions are shown in Table 1 . Macroalgal materials were then kept in the glass Petri dish and placed into a 45°C oven to dry overnight (until constant weight). Dried algal biomass was then used for metal analysis treatment.
Even though the dry biomass of C. leprieurii, C. adhaerens, C. stipitata, C. ogasawaraensis, and Dictyota sp. was found in sufficient amount for analytical treatment, the dry biomass of individual species of Bostrychia was not. Therefore, the Bostrychia species were pooled and representing that genus. Dried algal material (~0.5 g) was acid digested (conc. HNO 3 and 0.5 M HCl) followed by dry ashing (600°C, 8 h), slightly modified from Akinyele and Shokunbi (2015) .
Metal Analysis and Quality Assurance
The determination of the metals was limited for two common contaminant metals, Cu and Zn, and two Bconservative^or stable metals, Fe and Mn. Concentrations of metals were determined in the acidified water samples (mg/L), digested sediment filtrates (μg/g dry weight), and digested algal filtrates (μg/g dry weight) using an Air-Acetylene PerkinElmer™ flame AAS Model Analyst 800.
Reference standards used for the study were collected from PerkinElmer Life and Analytical Science, USA. Series of reference standard-1, 2, 3, and 5 ppm-of the studied metal were prepared from the stock solution (10 ppm) by pipetting 1, 2, 3, and 5 mL from the stock solution, respectively, and made up to 10 mL with 2% HNO 3 . Standard calibration curve was obtained using these reference standards in AAS. In order to ascertain the reliability of the analysis for each determination, an average of the three replicates was used and blank or standard was frequently used to cross check the results. Determination of the individual metal was based on the calibration curve found for the reference standards. All the measurements were carried out in triplicate and average values are considered.
Statistical Analysis
BCF in mangrove macroalgae relative to sediment (BCFs) and water (BCFw) were calculated using a ratio of a metal in macroalgal species to corresponding one in sediment and water, respectively.
Data for metal concentrations in macroalgae and BCFs relative to sediment and water did not adhere to normality (Shapiro-Wilk test) and homogeneity (Levene test). Thus, non-parametric Kruskal-Wallis test was used instead of one-way ANOVA (Villares et al. 2002) using SAS version 9.1. The results of the hierarchical cluster analysis were expressed in a dendrogram to show the similarity of each metal concentration (Fe, Cu, Mn, and Zn) in macroalgal species using CAP version 4.0. Pearson correlation coefficient (r) was used to test significant relationship among the heavy metal studied in macroalgal species, sediment, and water. 
Results
Heavy Metals in Sediments and Surface Waters
The order of the metal concentrations in surface water was Fe > Mn > Zn > Cu. Besides, the pattern of metal accumulation in the surface sediments was Fe > Zn > Mn > Cu (Table 2 ). The mean concentrations of the Cu and Mn in the surface sediment were found in a similar level. Based on correlation analysis, the metal concentrations in estuarine surface water showed the significant positive correlation between Fe and Zn (r = 0.77, P = 0.000) and between Mn and Cu (r = 0.35, P = 0.02) and negative correlation was found between Cu and Fe (r = −0.48, P = 0.004) and Cu and Zn (r = −0.72, P = 0.000) and between Mn and Zn (r = −0.50, P = 0.001). Besides, sediment metal concentrations showed the positive correlation between Fe and Mn (r = 0.75, P = 0.000) and Cu and Zn (r = 0.46, P = 0.004) ( Table 3 ).
Concentrations of Metals in the Macroalgal Species
The patterns of metal occurrences were similar (Fe > Zn > Cu > Mn) for both Dictyota sp. and C. adhaerens: for C. stipitata, it was Fe > Zn > Mn > Cu; and for C. leprieurii and Bostrychia sp., it was Fe > Mn > Cu > Zn and Fe > Cu > Zn > Mn, respectively. The mean concentrations of Cu and Zn were found to be the highest in C. ogasawaraensis, with the values of 295 and 372 μg/g, respectively. Besides, the concentration of Mn and Fe was found to be the highest in C. leprieurii (294 μg/g) and Dictyota sp. (21,208 μg/g), respectively (Table 4) . Significant positive correlations (P < 0.05) were found between Cu and Zn in all macroalgal species except Dictyota sp. and C. ogasawaraensis. There were significant (P < 0.05) positive correlations between Mn and Zn and Mn and Cu both in Bostrychia sp. and Dictyota sp. Positive correlations were also found between Fe and Zn in macroalgal species such as C. leprieurii and C. stipitata (Table 5 ). The metal concentrations in sediment and water were correlated with corresponding one in different algal taxa (Table 5 ). Fe concentrations in C. stipitata, Dictyota sp., and Bostrychia sp. showed significant correlations with the corresponding one in the sediments, whereas Cu concentrations in seawater significantly negatively and positively correlated with t h e c o r r e s p o n d i n g o n e i n C . s t i p i t a t a a n d C. ogasawaraensis, respectively (Table 6 ).
The patterns of the overall concentrations of Mn, Cu, Zn, and Fe in the tissues of macroalgal species are summarized in Table 7. As Table 7 shows, the pattern was distinct for each of the studied metal across macroalgal species. Kruskal-Wallis test confirmed that ns not significant at P > 0.05 *P ≤ 0.05, **P < 0.01, levels of significance concentrations of each of the studied metal (except Zn) in thalli varied among macroalgal species, and the results are as follows: Mn (df = 5, H = 15.38, P = 0.008), Cu (df = 5, H = 20.05, P = 0.001), Zn (df = 5, H = 0.80, P = 0.97), and Fe (df = 5, H = 13.29, P = 0.02). The similarities of level of Mn, Cu, Zn, and Fe in each algal species were explained by cluster analysis. For Mn, C. stipitata was closely clustered together with Dictyota sp. For Zn, there was close cluster of C. leprieuriiBostrychia sp.-Dictyota sp. Moreover, for Fe, there was a close cluster of Dictyota sp.-C. stipitata (Fig. 3 ).
Biota Concentration Factors
Low BCF relative to sediment (BCFs) associated with Fe was found in all macroalgal species (Table 8) . Importantly, for all macroalgal species, the BCFw were markedly higher than that of BCFs. In addition to that, BCFw indicate that Cu and Zn were found to be the highest in C. ogasawaraensis. The values were 5.9 × 10 3 and 6.1 × 10 3 , respectively. BCFw-associated Mn and Fe were found to be highest for C. leprieurii (3.2 × 10 3 ) and Dictyota sp. (3.7 × 10 4 ), respectively (Table 8) . Statistically significant differences were found in the BCFs among the algal species for Mn (df = 5, H = 12.95, P = 0.02), Cu (df = 5, H = 14.06, P = 0.01), and Fe (df = 5, H = 18.25, P = 0.002). However, BCFs for Zn did not vary significantly (df = 5, H = 7.86, P = 0.16) among macroalgal species. Further, significant differences were found in BCFw among the algal species for Mn (df = 5, H = 16.13, P = 0.006), Cu (df = 5, H = 21.95, P = 0.0005), Zn (df = 5, H = 54.43, P = < 0.0001), and Fe (df = 5, H = 51.52, P < 0.0001).
Discussion
Heavy Metals in Sediment and Surface Water
A great deal of factors is associated with the concentrations of metal on the sediments including texture, iron oxide content, and organic matter content of the sediment (Essien et al. 2009 ). Each studied metal in the sediment from Miri estuary was found at relatively low concentrations (6200 μg/g for Fe, 24 μg/g for Zn, 12 μg/g for Mn, and 11 μg/g for Cu) and in line with the not polluted (< 17,000 μg/g for Fe, < 90 μg/g for Zn, < 300 μg/g for Mn, and < 25 μg/g for Cu) category based on the sediment criterion proposed by EPA region V (Engler 1980) . The range of concentrations of studied metal can be comparable with those reported in Miri beach (Cu, 29-71 μg/g; Fe, 1888-4408 μg/g; Mn, 13-53 μg/g; Zn, 18-28 μg/g; Nagarajan et al. 2013) .
Comparatively high values of Fe were examined in the surface sediment and surface water from the Miri estuary. This may be due to the fact of Fe leaching from the clastic sediment, a general phenomenon of this region. Rapidly increasing rate in the use of iron in construction and transportation industries in Miri city probably also contributes for the high Fe content in surface sediment of nearby Miri estuary (Nagarajan et al. 2013 ). In the Fe-rich sediments, hyperaccumulation of iron monosulfides (FeS) is due to mainly the degradation of H 2 S by rapid FeS formation. Smith and Melville (2004) have described that these sediments are the major sink for the toxic metal by sorption and coprecipitation reactions during sediment diagenesis process. Mn is among the most abundant elements on the earth's crust with low toxicity and considerable biological significance having 14, 658-29,774 (21,208 ± 1259) active transition metal in the aquatic environments. Significant positive correlations were reported for the Fe-Mn (Table 3) , suggesting their common origin including fine-grained aggregates, marine and freshwater nodules, coatings on other minerals, and rock surface. Numerous papers have been reported that metals bound to Fe-Mn oxides are major geochemical phase considered as excellent scavengers for the trace metal and specifically regulate the adsorption of Cu, Mn, and Zn solubility in soil (reviewed by Zhang et al. 2015) .
Besides, in this study, mean values of Cu (0.057 mg/ L), Zn (0.050 mg/L), and Fe (0.21 mg/L) in the estuarine surface water are comparable to those observed in the coastal water of Malaysia (Cu, 0.27-2.87 mg/L; Fe, 0.03-0.07 mg/L; Zn, 0.03-0.01 mg/L; Yap et al. 2011) . The sources of the Cu in the Miri estuary are probably from the industrial waste waters, cargo handling, and harbor activities. It has been shown that number of factors is regulating the distribution of heavy metals in the estuarine systems including biological scavenging, input from Rivers, coastal upwelling, and release from bottom sediment (Leal et al. 1997) . Furthermore, variability of some heavy metals (especially Cu) is related to nutrient concentrations in the coastal ecosystems (Jones and Murray 1984) .
Heavy Metals in Macroalgal Species
In this work, the range of mean concentrations of Zn was 202-372 μg/g (Table 4 ). Study suggests that > 100 μg/g of Zn in the benthic macrophyte is a characteristic of the polluted site (Moore and Ramamurti 1987) . Therefore, based on the opinion of the mentioned authors, Miri estuary is subjected to anthropogenic input of metal contamination. It seems probable that Miri estuary has received metal pollution load mostly from point sources, such as industries that used Zn for alloys and chemical production, and non-point sources, such as urban runoff.
Exceptionally high amount of Fe was examined in all macroalgal species (Table 4) . This can be explained by the fact that mangrove-associated algae are attached with sediments (Melville and Pulkownik 2007) . High bioavailable proportion of Fe in the sediment could explain high concentrations of Fe in all of the algal species from Miri estuary (Ho 1990) . Similar observations were reported for Enteromorpha sp. in North West coast of Spain (Villares et al. 2001) . Concentrations of each of the studied metal (except Zn) in macroalgal tissues varied among macroalgal species (KruskalWallis test; P < 0.05). This is due to differences of the morphological and physiological factors such as cell wall thickness, age of thalli, thalli structure, specific affinity for selective metals by particular species, and growth dynamics among macroalgal species (Rybak et al. 2013 ). Lobban and Harrison (1994) indicated that morphology especially surface area, longevity of species, and growth dynamics affects the accumulation of metal in macroalgae. Further, studies have been reported ns not significant at P > 0.05 *P ≤ 0.05, **P < 0.01, levels of significance that level of metal accumulation pattern is related to the ecology, biomass, and anatomy of the marine macrophytes (Bonanno et al. 2017) . Correlation analysis revealed significant (P < 0.05) positive correlation between Cu and Zn in all of the macroalgal species (except Dictyota sp. and C. ogasawaraensis) (Table 5) , as it did in the North West coast of Spain, for two genera of green seaweed (Ulva and Enteromorpha; Villares et al. 2001 ). The Cu-Zn correlation found in this study clearly indicates their common origin probably from the urban effluent (Gonza'lez and Torres 1990; Villares et al. 2002) . Miri estuary receives enormous amount of urban effluent form nearby Miri city, which may attribute as a source of Cu and Zn. Besides significant correlations between Mn-Cu, Mn-Zn, and Fe-Zn in several macroalgal species can be explained by their same or similar source of origin (Ho 1990) . Fe concentrations in sediment showed significant (P < 0.05) positive correlations with the corresponding ones in C. stipitata and Bostrychia sp. (Table 6 ). It seems probable that those macroalgal species may enrich with Fe from adhering sediments rather from the surrounding waters (Villares et al. 2001 (Villares et al. , 2002 (Villares et al. , 2005 .
Previous studies reported correlation between metal concentration in sediments and macroalgae (Malea et al. 1994; Akcali and Kucuksezgin 2011) . Similar with the previous workers significant correlations were reported for C. adhaerens-sediment for Cu, Bostrychia sp.-sediment for Fe, and Dictyota sp.-sediment for Fe (Table 6 ). These correlations are not surprising. Since these mangrove macroalgae were collected from the surface of the pneumatophores, mostly being covered with particulate matter. Further, Luoma et al. (1982) have reported the scavenging of metal by algal material from the sediment.
The concentrations of heavy metals in the macroalgal material measured in this study were comparable with those found in the macroalgal material from other studies. For example, Fe content in macroalgal species found in this study 208 μg/g) seem to be higher than that determined in the macroalgae from coastal waters of west Malaysia (1154-4575 μg/g; Mashitah et al. 2012) . The level of Zn (202-372 μg/g) in macroalgal species found in the Miri estuary shows similar pattern with that reported by Melville and Pulkownik (2007) and Chakraborty et al. (2014) . Besides, the level of Mn determined in this study (52-294 μg/g) shows similar magnitude with the findings reported by Melville and Pulkownik (2007) and Jadesa and Batty (2013) . The range of Cu (115-294 μg/g) in this study was slightly higher than that determined in the macroalgal material from the vicinity of acid mine drainage in Amlwch port, North Wales, UK (33-200 μg/g; Jadesa and Batty 2013). However, direct comparison with other published study is full of problems because of differences in sample handling and processing (Akcali and Kucuksezgin 2011) . The differences between metal concentrations recorded in different algal species in this work and other published works are not unexpected. This is because heavy metal accumulation by macroalgae depends on numerous hydrological and hydrochemical factors (e.g., wave exposure, salinity, pH, irradiation, nutrient availability, and conductivity) (Wangersky 1986; Lee and Wang 2001) . It is noteworthy to discuss that metals such as Fe, Zn, Mn, and Cu content in the macroalgal species from Miri estuary are not just indicators of trace metal contamination, but these elements can be limiting to macroalgal growth and biomass production. It is well recognized that Fe performs a number of roles including photosynthesis, respiration, and numerous activities such as and metabolisms of reactive oxygen species and sulfur (Raven 2013) . Suzuki et al. (1995) have already reported that Fe is a limiting factor for two brown algae from Japanese coastal water. Besides, Zn is the important component of the carbonic anhydrase (CA) enzymes, which catalyze the reversible reaction between carbon dioxide hydration and bicarbonate dehydration. However, exposure to high concentrations of Zn (5000 μg /L) is found to be responsible for the death of some macroalgal species under laboratory conditions (Amado Filho et al. 1997) . Further, Mn is an essential component of marine plant that performs osmotic balance, ion regulations, and enzyme catalysis (Clarkson and Hanson 1980) . In addition to that, Cu is among the essential micronutrients for the growth, activities for the functioning of enzymes, and metabolism for various algae, though it is also a confirmed inhibitor of algal growth at high concentrations as reported by many authors (e.g., Debelius et al. 2009 ).
Biota Concentration Factors
BCF of a chemical compound are used to estimate contamination of aquatic ecosystems (Wang et al. 2014 ). Considerable differences of bioaccumulation capacity relative to sediment and water across algal species were observed in this study (Table 8) . This is consistent with many previous studies (Akcali and Kucuksezgin 2011; Rybak et al. 2013) . It has been reported that BCF is the simplest method to express the contaminant loads. Concentration factor or accumulation factor (CF or AF) is the ratio of concentration of a given contaminant in macroalgae to that in sediment/water (Lau et al. 1998; Szefer et al. 1999) . Sediment factors (e.g., pH, conductivity and acid volatile sulfide) influence the uptake of bioavailable metals for a biota (Jacobs 1998) . In this work, BCFw was found to be markedly higher than that of sediment (BCFs). The result is in line with many studies (e.g., Zhang et al. 2014; Melville and Pulkownik 2007; Rybak et al. 2013) . Lower concentrations of studied metal in the water than that of sediment attributed for the higher BCF relative to water in all macroalgal species.
Concerning the BCFw for C. leprieurii and Bostrychia sp., our data were remarkably higher than those reported by Melville and Pulkownik (2007) . They found the ranges of Cu and Mn in C. leprieurii were 34-76 and 19-79, respectively. For Bostrychia sp., the ranges were 37-100 and 38-89, respectively. By comparison, in the present study, the mean of BCFw for Cu and Mn in C. leprieurii was 4.4 × 10 3 and 3.2 × 10 3 , respectively, and for Bostrychia sp., the values were 4.5 × 10 3 and 9.2 × 10 2 , respectively (Table 8) (Jacobs 1998) . Further, BCFw data suggest that concentrations of metal in algal tissues are several thousand times higher than those of surrounding water (Table 8) , which is generally observed for macroalgal species reported from many studies (Bryan and Langston 1992) .
Conclusion
There have been only limited information available addressing the potential of mangrove macroalgae as a biomarker of metal contamination in the coastal environments. This is the first comprehensive report describing the potential of using mangrove macroalgae to evaluate the presence of metal contaminants in the Malaysian mangrove systems. Data presented here C. stipitata 14 ± 2 12 ± 2 9 ± 1 3 ± 0.2 1900 ± 397 2500 ± 400 3300 ± 500 36,000 ± 2000
C. leprieurii 24 ± 3 20 ± 4 24 ± 2 2 ± 0.3 3200 ± 600 4400 ± 700 3400 ± 600 26,000 ± 3000
C. ogasawaraensis 4 ± 0.5 27 ± 8 36 ± 6 3 ± 0.6 570 ± 123 5900 ± 900 6100 ± 1000 32,000 ± 4000
C. adhaerens 18 ± 5 26 ± 9 8 ± 2 3 ± 0.5 2300 ± 638 5800 ± 800 4900 ± 800 29,000 ± 2000
Bostrychia sp. 7 ± 1.5 20 ± 5 27 ± 2 2 ± 0.2 920 ± 150 4500 ± 700 3600 ± 600 21,000 ± 2000
Dictyota sp. 6 ± 1 11 ± 3 10 ± 2 3 ± 0.2 810 ± 158 2300 ± 700 4100 ± 800 37,000 ± 2000 provide a useful baseline of Cu, Zn, Fe, and Mn levels to which future measurements of the content of these metals in the C. stipitata, C. leprieurii, C. adhaerens, C. ogasawaraensis, Bostrychia sp., and Dictyota sp. could be compared. The analysis of the metal content in these mangrove macroalgal species suggests that these algal species are capable of accumulating metals from both the sediment and water compartments from estuarine environments.
